Introduction
============

Cardiovascular disease (CVD) is a common characteristic of type 2 diabetes (T2D) and the metabolic syndrome \[[@b1]\]. Risk factors for the metabolic syndrome, including hypertension, dyslipidemia, increased visceral adipose tissue mass, obesity, increased plasma glucose and insulin resistance, also associate with expansion of the epicardial adipose tissue (EAT) \[[@b2]--[@b5]\]. EAT is a visceral thoracic fat depot, located at the aortic arch, along the large coronary arteries and on the surface of the ventricles and the apex of the human heart \[[@b6]\]. Because EAT is not separated by a fascia from the myocardium, factors secreted from EAT can directly affect the myocardium and coronary vessels \[[@b2], [@b6], [@b7]\].

EAT is a source of various adipokines, including adiponectin, fatty acid binding protein 4 (FABP4), interleukin (IL) 1, IL6, monocyte chemoattractive protein-1, leptin, resistin and tumour necrosis factor α (TNF-α) \[[@b5], [@b8]--[@b14]\]. Patients with obesity, T2D and coronary artery disease (CAD) show elevated plasma levels and altered expression and secretion of pro-inflammatory adipokines in EAT \[[@b7], [@b15]\]. Conversely, expression and circulating levels of protective factors, like adiponectin, is lower in patients with CAD \[[@b9], [@b16]\]. Furthermore, FABP4 suppresses contractile function *in vitro* in isolated rat cardiomyocytes \[[@b17]\]. Although these data indicate that secretory products from EAT may contribute to the pathogenesis of CVD, studies about diabetes-related alterations in adipokine secretion by EAT are limited.

Here, we studied the interaction between secretory products from EAT and cardiomyocyte function and insulin signalling. Therefore, EAT and subcutaneous adipose tissue (SAT) were isolated from guinea pigs, which were fed a high-fat diet (HFD) to induce glucose intolerance and contractile dysfunction \[[@b18], [@b19]\]. In contrast to laboratory rats and mice, guinea pigs contain abundant amounts of EAT, which increases with age \[[@b6], [@b20]\]. Conditioned media (CM) generated from adipose tissue explants were profiled for adipokine secretion using antibody arrays. Primary adult rat cardiomyocytes were used to assess the effects of CM *in vitro* on insulin signalling, contractile function and cytosolic Ca^2+^ fluxes. Our data provide evidence for a detrimental effect of factors secreted from the EAT on myocardial function, and suggest a role for EAT in the pathogenesis of heart disease.

Materials and methods
=====================

Animal experiments
------------------

Animal experiments were performed in accordance with the 'Principle of laboratory animal care' (NIH publication No. 85--23, revised 1996) and the current version of the German Law on the protection of animals. Seven-week-old female guinea pigs (Crl:HA, Dunkin Hartley) were purchased from Charles River (Sulzfeld, Germany), and housed under standard conditions at a temperature of 18--20°C and a day--night rhythm of 12 hrs, and fed either a HFD or standard diet (SD). The SD was obtained from Ssniff (Soest, Germany), while the HFD diet was obtained from Altromin (Lage, Germany). The composition of the diets is listed in Table S1.

Echocardiography
----------------

*In vivo* cardiac function was measured using non-invasive transthoracic echocardiography with a 6- to 15-MHz transducer (SONOS 5500; Hewlett Packard, Geneva, Switzerland) in guinea pigs anaesthetized with 1.5% isoflurane in oxygen-enriched air (95% O~2~) at 28 weeks after initiation of the diet. All echocardiographic images were recorded by the same investigator who was blinded for the animal group. Two-dimensional guided M-mode images in the parasternal short axis of the left ventricle (LV) were obtained just below the level of the midpapillary muscles. At end systole and end diastole, LV lumen diameter, LV ventricular diameter and posterior wall and interventricular septum wall thicknesses were determined for five cardiac cycles and averaged. The LV dimensions were used to calculate the left ventricular mass and the cardiac systolic parameters fractional shortening and ejection fraction as described \[[@b19]\].

Glucose tolerance test
----------------------

A glucose tolerance test was performed after 29 weeks on the diet. Guinea pigs were food-deprived for 20 hrs, and blood glucose levels were determined before (0 min.) and after (15, 30, 60, 120, 180 and 240 min.) intraperitoneal injection of 2 g glucose/kg body weight in blood taken from the ear vein.

Preparation and characterization of conditioned media
-----------------------------------------------------

Thirty weeks after initiation of the diets, guinea pigs were killed by CO~2~ inhalation, after which EAT and SAT were collected and used to generate CM as described \[[@b21], [@b22]\]. Briefly, on day 1 adipose tissue were washed three times with PBS, supplemented with antibiotic-antimycotic (Invitrogen, Carlsbad, CA, USA) at 37°C and cut with scissors into 10 mg small fat explant pieces. Subsequently, adipose tissue explants were washed three times with PBS and centrifuged 1 min. at 1200 rpm at room temperature. Then, fat explants were cultured in adipocyte media (AM) \[DMEM F12 containing 10% foetal calf serum, 33 μmol/l biotin, 17 μmol/l panthothenate (all from Invitrogen) and antibiotic-antimycotic\] overnight in a humidified atmosphere (95% air and 5% CO~2~) at 37°C. To generate CM, 100 mg of fat tissue explants were cultured in 1 ml AM without serum for 24 hrs. Then, CM were collected and stored as aliquots at --80°C until further use.

Antibody arrays (RayBio human cytokine antibody G series 2000; Ray Biotech, Inc., Norcross GA, USA) were used to determine the secretory profile of the CM exactly according to the supplier's instructions.

Effects of conditioned media on primary adult rat cardiomyocytes
----------------------------------------------------------------

Cardiomyocytes were isolated from male Lewis rats (Lew/Crl) as described \[[@b23]\], and cultured for 24 hrs on laminin-coated dishes before exposure to CM. The effects of CM on protein expression and phosphorylation in cardiomyocytes were determined by Western blotting. The effects of CM on sarcomere shortening and cytosolic Ca^2+^ fluxes were determined following electric stimulation of the cells with 1 Hz on a contractility and fluorescence system from IonOptix (Dublin, Ireland) using Indo-1 (Invitrogen) as Ca^2+^ indicator.

Isolation and culture of adult primary rat cardiomyocytes
---------------------------------------------------------

Cardiomyocytes were prepared from male Lewis rats (LEW/Crl, Charles River) weighing 250--350 g using a Langendorff perfusion system as described \[[@b23]\]. Briefly, rats were killed following anaesthesia with ketamine (100 mg/kg; Ratiopharm, Ulm, Germany) and xylazine (Rompun, 5 mg/kg) (Bayer Healthcare, Leverkusen, Germany). The anaesthetic further contained heparin (666 μl/kg) (Biochrom AG, Berlin, Germany). Isolated hearts were retrograde perfused through the aorta for 5 min. with Ca^2+^-free Krebs--Ringer bicarbonate buffer (KRBB) \[composition: NaCl, 35 mM; KCl, 4.75 mM; KH~2~PO~4~, 1.19 mM; Na~2~HPO~4~, 16 mM; NaHCO~3~; 25 mM; sucrose, 134 mM; 4-2-hydroxyethyl-1-piperazine ethanesulfonic acid (HEPES), 10 mM; glucose, 10 mM\] gassed with 95% O~2~ and 5% CO~2~. After the addition of 0.1 mmol/l CaCl~2~, the isolated heart was perfused for 5 min. with KRBB \[[@b23]\], followed by KRBB, containing 1.25 g/l bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA), 0.7 g/l collagenase (Worthington, Lakewood, NJ, USA) and 0.1 g/l hyaluronidase (Applichem, Darmstadt, Germany). Perfusion medium was gassed with O~2~. After 20 min., the softened heart was minced and incubated for 5 min. at 37°C. Then, the dispersion was filtered through a nylon mesh, and centrifuged for 5 min. at 500 rpm. After centrifugation, cell pellet was washed with HEPES buffer (composition: NaCl, 130 mM; KCl, 4.7; KH~2~PO~4~, 1.2 mM; HEPES, 25 mM; glucose, 5 mM, equilibrated with O~2~), containing 3 g/l bovine serum albumin (Carl Roth GmbH, Karlsruhe, Germany). Subsequently, cells were incubated for 7 min. at 37°C in HEPES buffer containing 0.059 units/ml trypsin and treated as described \[[@b23]\]. Isolated cells were seeded on laminin-coated dishes (1 × 10^5^ cells per 35 mm plate) in Medium 199 with Hank's salts, supplemented with insulin, transferrin, selenium, 100 U/ml penicillin, 100 mg/ml streptomycin and 10% foetal calf serum (all from PAA Laboratories, Pasching, Austria) on laminin-coated 35 mm culture dishes (for signalling experiments: Greiner Bio-One GmbH, Solingen, Germany; for fluorescence analysis: ibidi GmbH, Martinsried, Germany). The medium was renewed after four hrs, and culture was continued overnight.

Western blot analysis
---------------------

Ventricular biopsies collected from SD- or HFD-fed guinea pigs were homogenized in Triton X-100 lysis buffer, containing 50 mM Tris.HCl \[pH 7.5\]; 150 mM NaCl; 0.5% Triton X-100; 1 mM NaF; 1 mM Na~3~VO~4~; 2 mM MgCl~2~, 1 mM dithiothreitol (DTT); and protease inhibitors (Complete, Roche Diagnostics, Mannheim, Germany). Following 2 hrs incubation at 4°C under gentle rotation, homogenates were cleared by centrifugation for 15 min. at 12,000 rpm and 4°C. Cultured cardiomyocytes were incubated for 24 hrs with CM (diluted 1:4 with AM) or AM. Then, cells were stimulated for 10 min. with insulin (100 nM), washed twice with ice-cold PBS and lysed for 2 hrs at 4°C in Triton X-100 lysis buffer under gentle rotation. Lysates were cleared by centrifugation (15 min.; 12,000 rpm; 4°C), and protein content was determined using Bradford reagent (Biorad Laboratories, München, Germany). Ten micrograms of protein was loaded onto 10% SDS-PAGE gels, and transferred to polyvinylidene difluoride membranes. After blotting, membranes were blocked with Tris-buffered saline, containing 0.1% Tween 20 and 5% non-fat dry milk for 2 hrs at room temperature and then incubated overnight at 4°C with primary antibody. After washing, membranes were incubated with appropriate secondary HRP-conjugated antibody for 2 hrs at room temperature and washed again. All antibodies and dilutions are listed in Table S2. Bound antibodies were visualized using enhanced chemiluminescence and quantified by using a LUMI Imager system (Roche Diagnostics).

Measurement of sarcomere shortening and Ca^2+^ transients
---------------------------------------------------------

For analysis of the effects of CM, cells were preloaded with Indo-1 (Invitrogen) for 15 min. at 37°C, washed once with AM and then incubated for 30 min. with CM or AM. For reversibility experiments, CM were removed and cells were incubated with AM for two hrs. Subsequently, contractile function and Ca^2+^ transients were analysed in cells showing an intact rod-shaped morphology and sarcomere length \>1.6 μm. Before measurement was started, cells were electrically pre-stimulated for 5--10 min. with 1 Hz to reach a steady-state level for sarcomere shortening and Indo-1 fluorescence. Then, cells were paced with bipolar pulses of 5 ms duration at 1 Hz. The cytosolic Ca^2+^ concentration was monitored as a ratio of the fluorescence emission peaks at 475 and 400 nm. In each experimental condition, data files were recorded of 10 consecutive beats for at least 8 different cells. Sarcomere shortening and Ca^2^ transients were calculated using IonWizard (IonOptix).

Data analysis
-------------

Data are presented as mean ± S.E.M. Significant differences between experimental conditions were evaluated by one-way [anova]{.smallcaps} or unpaired Student's *t*-test using Graphpad Prism software (version 5). A value of *P* \< 0.05 was considered as statistically significant.

Results
=======

HFD feeding induces cardiac contractile dysfunction in guinea pigs
------------------------------------------------------------------

In comparison to SD-fed animals, feeding guinea pigs a HFD for 29 weeks induced mild glucose intolerance as determined by a glucose tolerance test ([Fig. 1A and B](#fig01){ref-type="fig"}). [Table 1](#tbl1){ref-type="table"} shows the physiological and cardiac parameters after 28 weeks on the diets. There were no significant differences in body weight, EAT mass, left ventricular mass and the diastolic parameters. In the end systolic phase, the lumen diameter of the LV was increased in HFD-fed guinea pigs (*P* \< 0.05). Accordingly, end systolic volume was increased (*P* \< 0.05), and fractional shortening and the ejection fraction were decreased in HFD-fed animals (both *P* \< 0.02) ([Table 1](#tbl1){ref-type="table"}). At the molecular level, protein expression of calreticulin ([Fig. 1C](#fig01){ref-type="fig"}) was higher and phosphorylation of phospholamban ([Fig. 1D](#fig01){ref-type="fig"}) was lower in hearts from HFD- *versus* SD-fed animals. Furthermore, expression of sarcoplasmic-endoplasmic reticulum calcium ATPase (SERCA)2a tended to be decreased in hearts from HFD *versus* SD-fed animals ([Fig. 1E](#fig01){ref-type="fig"}). Finally, protein expression of the insulin-regulated glucose transporter GLUT4 was substantially lower in HFD hearts ([Fig. 1F](#fig01){ref-type="fig"}). Collectively, these data indicate contractile dysfunction in hearts from HFD-fed animals.

![Animal characteristics. (A) Blood glucose levels and (B) area under the curve of blood glucose levels after a glucose tolerance test in guinea pigs fed a SD (open circles; open bars; *n*= 5) or HFD (closed circles; filled bars; *n*= 10) for 29 weeks. (C--F) Representative immunoblots and quantification of calreticulin expression (C), phosphorylation of PLN (D), expression of SERCA2a (E) and Glut4 (F) in ventricular tissue from guinea pigs fed a SD (open bars) or HFD (black bars) for 30 weeks. Equal loading was verified by probing the immunoblots with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody. All data are expressed as mean ± S.E.M.](jcmm0015-2399-f1){#fig01}

###### 

*In vivo* cardiac characteristics of guinea pigs after 28 weeks on a SD or HFD

                                                **Standard diet (*n*= 4)**   **HFD (*n*= 5)**
  --------------------------------------------- ---------------------------- -----------------------------------------------
  Physiological parameters                                                   
  Body weight (g)                               945 ± 20                     929 ± 44
  LV mass (g)                                   3.27 ± 0.20                  2.94 ± 0.24
  EAT mass (g)                                  1.61 ± 0.08                  1.60 ± 0.09
  LV diastolic parameters                                                    
  Posterior wall thickness (mm)                 4.73 ± 0.36                  3.94 ± 0.28
  Lumen diameter (mm)                           8.23 ± 0.31                  8.78 ± 0.32
  Interventricular septum wall thickness (mm)   2.48 ± 0.08                  2.42 ± 0.18
  Ventricular diameter (mm)                     15.43 ± 0.26                 15.14 ± 0.34
  End diastolic volume (μl)                     563 ± 58                     688 ± 77
  LV systolic parameters                                                     
  Posterior wall thickness (mm)                 5.58 ± 0.41                  5.50 ± 0.78
  Lumen diameter (mm)                           3.98 ± 0.38                  5.08 ± 0.24[\*](#tf1-1){ref-type="table-fn"}
  Interventricular septum wall thickness (mm)   4.15 ± 0.24                  3.64 ± 0.15
  Ventricular diameter (mm)                     13.70 ± 0.22                 14.22 ± 0.77
  End systolic volume (μl)                      67.72 ± 16.91                134.7 ± 19.8[\*](#tf1-1){ref-type="table-fn"}
  Fractional shortening (%)                     51.95 ± 3.12                 42.21 ± 0.88[\*](#tf1-1){ref-type="table-fn"}
  Ejection fraction (%)                         88.48 ± 2.17                 80.65 ± 0.88[\*](#tf1-1){ref-type="table-fn"}

*P* \< 0.05 *versus* SD.

Characterization of conditioned medium from epicardial and subcutaneous adipose tissue
--------------------------------------------------------------------------------------

To study the interaction between EAT and the myocardium, CM were generated from EAT, and characterized using antibody arrays. The factors secreted by EAT were compared with CM generated from SAT of the same SD-fed animals. Table S3 shows the relative immunoreactivity obtained for the 174 factors present on the arrays for CM-EAT and CM-SAT. Eleven factors were differentially secreted by EAT when compared to SAT. Specifically, adiponectin (ADIPOQ) immunoreactivity was decreased in EAT *versus* SAT, while immunoreactivity for cardiotrophin (CTF1), activin A, endoglin, E-selectin (SELE), IL2Rγ, IL5Rα, platelet-derived growth factor A (PDGFA), PDGF receptor A (PDGFRA), Platelet Endothelial Cell Adhesion Molecule 1 (PECAM1), Vascular endothelial growth factor receptor 2 \[VEGFR2, also known as Kinase insert Domain containing Receptor (KDR)\] was increased in EAT *versus* SAT (all *P* \< 0.05). The immunoreactivity of 30 factors in EAT was affected by HFD feeding ([Fig. 2](#fig02){ref-type="fig"}). Specifically, 12 factors, *i.e.* activin A, ALCAM, SIGLEC5, CTF1, PDGFA, IL10, amphiregulin (AREG), VEGF, fibroblast growth factor 6 (FGF6), IL12B, thrombopoietin (THPO) and chemokine (C-C motif) ligand 5 (CCL5), were selectively increased by HFD feeding in EAT *versus* SAT ([Fig. 2A](#fig02){ref-type="fig"}). Immunoreactivity of chemokine CXC ligand 5 (CXCL5), and colony stimulating factor 2 (CSF2) was selectively decreased by HFD feeding in EAT *versus* SAT ([Fig. 2A](#fig02){ref-type="fig"}). Sixteen factors were affected by HFD feeding in CM from both EAT and SAT. [Figure 2B](#fig02){ref-type="fig"} shows an increased immunoreactivity for CCL18, EGF, PDGFB, CXCL12, CSF1R, IL16, FGF7 and PECAM1 in CM-EAT from HFD *versus* SD-fed animals (all *P* \< 0.05). [Figure 2C](#fig02){ref-type="fig"} shows a decreased immunoreactivity for TNFRSF1B, IL9, IGFBP3, FASLG, IL1R1, SELE, PDGFRB and ICAM3 in CM-EAT from HFD *versus* SD-fed animals (all *P* \< 0.05). These data show that HFD feeding differentially affects the secretion of multiple factors by EAT and SAT, with most notable changes observed for activin A. Activin A, a homodimer of two activin β~A~-- subunits encoded by the inhibin A (INHBA)-gene, is a member of the transforming growth factor (TGF-β) superfamily, which utilizes the SMAD2/3-signalling pathway \[[@b24]\]. Therefore, we examined whether CM affected SMAD2-phosphorylation levels in rat cardiomyocytes. Incubation of cardiomyocytes with CM-EAT from HFD-fed animals increased SMAD2-phosphorylation by 4-fold (*P* \< 0.05) when compared to control AM and 1.7-fold when compared to CM-EAT from SD-fed animals ([Fig. 3](#fig03){ref-type="fig"}). Exposure of cardiomyocytes to CM-SAT had no significant effect on SMAD2-phosphorylation ([Fig. 3](#fig03){ref-type="fig"}). CM had no effect on the expression of the activin receptor type 1B (also known as Alk4) and SMAD2/3 ([Fig. 3A](#fig03){ref-type="fig"}). Thus, the enhanced activin A-immunoreactivity in CM-EAT from HFD-fed animals is paralleled by the ability to induce SMAD2-phosphorylation in rat cardiomyocytes.

![Characterization of secretory products of EAT and SAT. CM generated from EAT and SAT from SD- and HFD-fed guinea pigs were profiled using antibody arrays. (A) Ratio of immunoreactivity for secretory products from EAT over SAT that are selectively altered in EAT by the HFD compared to SD. White bars: SD-CM; black bars: HFD-CM. Immunoreactivity of secretory products in EAT that are up-regulated (B) or down-regulated (C) by the HFD in CM from EAT. All data are expressed as mean ± S.E.M. (*n*= 4 per group). Differences between the experimental groups were calculated by one-way [anova]{.smallcaps} and unpaired Student's *t*-tests. \**P* \< 0.05 HFD *versus* SD.](jcmm0015-2399-f2){#fig02}

![Effect of conditioned medium from EAT and SAT on SMAD2-phosphorylation. Lysates prepared from rat cardiomyocytes incubated with control AM or CM (diluted 1:4) from EAT and SAT from SD- and HFD-fed guinea pigs for 24 hrs were analysed by Western blotting with antibodies recognizing phosphorylated SMAD2-Ser465/467, total SMAD2/3 and activin A receptor type 1B (Alk4). Equal loading was verified by probing the immunoblots with GAPDH antibody. Representative immunoblots (A) together with quantification (B) are shown. Data are presented as mean ± S.E.M. (*n*= 5 per group). Open bars: AM; grey bars: CM from SD-fed animals; black bars: CM from HFD-fed animals. Differences between the experimental groups were calculated by one-way [anova]{.smallcaps} and unpaired Student's *t*-tests. ^\#^*P* \< 0.05 *versus* AM; \**P* \< 0.05 HFD *versus* SD.](jcmm0015-2399-f3){#fig03}

Effect of conditioned media from epicardial and subcutaneous adipose tissue on insulin action
---------------------------------------------------------------------------------------------

Short-term exposure (3 hrs) of cardiomyocytes to CM had no effect on insulin-stimulated Akt phosphorylation (data are not shown). However, when cardiomyocytes were exposed for 24 hrs to CM-EAT from HFD-fed animals, the induction of insulin-stimulated Akt phosphorylation was reduced by ∼60% as compared to CM-EAT from SD-fed animals or AM ([Fig. 4A/B](#fig04){ref-type="fig"}) (both *P* \< 0.05). CM-SAT from either SD- or HFD-fed had no inhibitory effect on insulin-stimulated Akt phosphorylation ([Fig. 4A/B](#fig04){ref-type="fig"}). Protein expression levels of Akt ([Fig. 4A](#fig04){ref-type="fig"}) were not affected by exposure to CM.

![Effect of conditioned medium from EAT and SAT on insulin action. Lysates prepared from rat cardiomyocytes incubated with control AM or CM (diluted 1:4) from EAT and SAT from SD- and HFD-fed guinea pigs for 24 hrs were analysed by Western blotting with antibodies recognizing total and Ser473-phosphorylated Akt. Representative immunoblots (A) and quantification (B) of insulin-induced Akt-Ser473 phosphorylation. Data are presented as mean ± S.E.M. (*n*= 4 per group). Open bars: basal; filled bars: insulin stimulated cells (10 min.; 100 nM). Differences between the experimental groups were calculated by one-way [anova]{.smallcaps} and unpaired Student's *t*-tests. ^\#^*P* \< 0.05 *versus* AM; \**P* \< 0.05 HFD *versus* SD.](jcmm0015-2399-f4){#fig04}

Effect of conditioned media from epicardial and subcutaneous adipose tissue on cardiomyocyte contractile function
-----------------------------------------------------------------------------------------------------------------

Time-dependent alterations in sarcomere length were recorded in primary rat cardiomyocytes incubated with AM or CM from the various groups ([Fig. 5A](#fig05){ref-type="fig"}). Exposure to CM did not affect cell morphology and resting sarcomere length. Following electric stimulation of the cells with 1 Hz, peak sarcomere shortening and return velocity ([Fig. 5C/D](#fig05){ref-type="fig"}) were reduced following a 30 min. exposure to CM-EAT from HFD-fed animals. Departure velocity was not affected by CM-EAT from HFD-fed animals ([Fig. 5B](#fig05){ref-type="fig"}). CM from the other experimental groups had no significant effect on sarcomere length when compared to AM ([Fig. 5B--D](#fig05){ref-type="fig"}). When the concentration of CM were increased by 2-fold, a further reduction of peak sarcomere shortening and return velocity was found following exposure of cardiomyocytes to CM-EAT from HFD-fed animals (Fig. S1; both *P* \< 0.05). Also departure velocity was significantly lower in cells incubated with a higher concentration of CM-EAT from HFD-fed animals as compared to AM and CM-SAT from HFD-fed animals (both *P* \< 0.05; (Fig. S1). Finally, the effects elicited by more concentrated CM-EAT from HFD-fed animals on determinants of sarcomere length were significantly lower when compared to CM-EAT from SD-fed animals (Fig. S1).

![Effect of conditioned medium from EAT and SAT on sarcomere shortening in cardiomyocytes. Rat cardiomyocytes were incubated with control AM or CM (diluted 1:4) from EAT and SAT from SD- and HFD-fed guinea pigs for 30 min. before analysis of contractile function. (A) Representative chart recording of alterations in sarcomere length in time. Black line: AM; dashed line: CM-EAT from HFD-fed animals. Effect of exposure of cardiomyocytes to CM on departure velocity of contraction (B), peak sarcomere shortening (C) and return velocity of contraction (D). Open bars: AM; grey bars: CM from SD-fed animals; black bars: CM from HFD-fed animals. Data are expressed as mean ± S.E.M. of at least eight independent experiments. Differences between the experimental groups were calculated by one-way [anova]{.smallcaps} and unpaired Student's *t*-tests. ^\#^*P* \< 0.05 *versus* AM; ^◊^*P* \< 0.05 EAT *versus* SAT.](jcmm0015-2399-f5){#fig05}

Time-dependent alterations in cytosolic \[Ca^2+^\] are presented in [Figure 6A](#fig06){ref-type="fig"}. A 30 min. exposure to CM-EAT from HFD-fed animals lowered peak \[Ca^2+^\] as compared to cells exposed to AM and CM-SAT from HFD-fed animals (both *P* \< 0.05), without affecting departure- and return velocities ([Fig. 6](#fig06){ref-type="fig"}). However, when the concentration of CM-EAT was doubled, departure- and return velocity for alterations in cytosolic \[Ca^2+^\] were reduced in cells exposed to CM-EAT from HFD-fed animals *versus* AM and CM-EAT from SD-fed animals (Fig. S2).

![Effect of conditioned medium from EAT and SAT on cytosolic \[Ca^2+^\] in cardiomyocytes. Rat cardiomyocytes were incubated with control AM or CM (diluted 1:4) from EAT and SAT from SD- and HFD-fed guinea pigs for 30 min. before analysis of cytosolic \[Ca^2+^\]. (A) Representative chart recording of alterations in indo-1 fluorescence in time. Black line: AM; dashed line: CM-EAT from HFD-fed animals. Effect of exposure of cardiomyocytes to CM on \[Ca^2+^\] increase (B), peak \[Ca^2+^\] (defined as the ratio between Ca^2+^-bound Indo 1 and unbound free Indo 1) (C) and \[Ca^2+^\] decrease (D). Open bars: AM; grey bars: CM from SD-fed animals; black bars: CM from HFD-fed animals. Data are expressed as mean ± S.E.M. of at least eight independent experiments. Differences between the experimental groups were calculated by one-way [anova]{.smallcaps} and unpaired Student's *t*-tests. ^\#^*P* \< 0.05 *versus* AM; ^◊^*P* \< 0.05 EAT *versus* SAT.](jcmm0015-2399-f6){#fig06}

Long-term incubation for 24 hrs of the cells with CM showed no further impairment of sarcomere shortening and cytosolic Ca^2+^ fluxes when compared to short-term incubation for 30 min. (data not shown). Analysis of the contractile parameters 2 hrs after replacement of the CM by AM showed that peak sarcomere shortening and peak \[Ca^2+^\] were still reduced in cardiomyocytes that were exposed to CM from EAT of HFD-fed animals in the lowest dilution tested (Fig. S3). In all other experimental conditions, contractile function was restored.

Effect of conditioned media from epicardial and subcutaneous adipose tissue on SERCA2a expression
-------------------------------------------------------------------------------------------------

Expression of SERCA2a, a key regulator of cardiac Ca^2+^ metabolism, was reduced in cardiomyocytes incubated with CM-EAT from HFD-fed animals when compared to AM and CM-EAT from SD-fed animals. CM-SAT from HFD-fed animals also slightly lowered SERCA2a expression whereas CM from the other groups had no effect ([Fig. 7](#fig07){ref-type="fig"}). Thus, the detrimental effects of CM-EAT from HFD-fed animals on contractile function are paralleled by a reduction in SERCA2a expression.

![Effect of CM from EAT and SAT on SERCA2a expression. Lysates prepared from rat cardiomyocytes incubated with control AM or CM (diluted 1:4) from EAT and SAT from SD- and HFD-fed guinea pigs for 24 hrs were analysed by Western blotting for SERCA2a- and α-tubulin expression. Representative Western blots (A) and quantitative analysis (B) are also shown. Open bars: AM; grey bars: CM from SD-fed animals; black bars: CM from HFD-fed animals. Data are expressed as mean ± S.E.M. (*n*= 3 per group). Differences between the experimental groups were calculated by one-way [anova]{.smallcaps} and unpaired Student's *t*-tests. ^\#^*P* \< 0.05 *versus* AM; \**P* \< 0.05 HFD *versus* SD.](jcmm0015-2399-f7){#fig07}

Discussion
==========

The present study shows that the secretory profile of EAT is distinct from that of SAT. Furthermore, HFD-induced alterations in the factors secreted by EAT cause dysfunction of primary rat cardiomyocytes as illustrated by impairments in insulin signalling, sarcomere shortening, cytosolic Ca^2+^ metabolism and SERCA2a expression. Collectively, these findings show that diet-induced changes in EAT could contribute to the development of cardiomyocyte dysfunction.

Accumulating evidence from epidemiological studies has identified associations between EAT and clinical markers of the metabolic syndrome, T2D, CAD and cardiac function \[[@b3]\]. A recent report shows that obesity and CAD also affect the secretory profile of EAT in human beings \[[@b15]\]. Specifically, CM from EAT of these patients was found to induce atherogenic changes in monocyte migration and endothelial cell adhesion \[[@b15]\]. Yet, studies on qualitative alterations of EAT in relation to disease are often hampered by the lack of appropriate human controls, and the scarce amounts of EAT in frequently used laboratory rodents, like rat and mice \[[@b4], [@b6]\]. Therefore, in the current study, guinea pigs were used, in which EAT expands with age \[[@b20], [@b25]\]. HFD-fed guinea pigs showed glucose intolerance, indicative of reduced insulin sensitivity, in the absence of obesity, as previously also reported in HFD-fed rats \[[@b18], [@b19]\]. Although the HFD contained more calories than the SD, the HFD group consumed less of the diet as compared to the SD group, resulting in similar caloric intake, but with different food ingredients. For example, the concentration of saturated fatty acids was much higher in HFD than in SD. In addition, HFD-fed guinea pigs showed abnormalities in left ventricular function, like reductions in ejection fraction and fractional shortening similar to HFD-fed rats \[[@b19]\]. The observed alterations in GLUT4-, SERCA2a- and calreticulin expression, and phospholamban phosphorylation provide further support for a reduced cardiac function on HFD-fed guinea pigs.

A key finding in the present study is that secretory products from EAT from HFD-fed animals exert a cardiodepressant and negative inotropic effect on primary adult rat cardiomyocytes. This detrimental effect was dose dependent, and occurred within minutes after the addition of CM to the cardiomyocytes. Furthermore, the effect could be reversed by replacing CM by control medium. In support of a previous study, which demonstrated that primary human subcutaneous adipocytes secrete a cardiodepressant factor \[[@b26]\], we observed that cardiomyocyte dysfunction, could also be induced by a higher dose of CM-SAT from HFD-fed animals although to a significantly lower extent when compared to the same dose of CM-EAT from HFD-fed animals. In contrast to SAT, EAT is not separated by facial boundaries from the myocardium, and factors secreted from the EAT could directly affect the function of the underlying myocardium. The functional significance of the cardiodepressant activity secreted by SAT remains to be elucidated since it may only affect cardiomyocyte function *via* the systemic circulation. The negative effects of CM-EAT from HFD-fed animals on cytosolic Ca^2+^ transients in rat cardiomyocytes were accompanied by a reduction of protein expression of SERCA2a, a key regulator of cytosolic \[Ca^2+^\] in the heart \[[@b27]\]. Decreases in myocardial SERCA2a expression are a common characteristic of cardiopathological states in human beings \[[@b27]\], but have also been reported in animal models for diabetes-related heart disease \[[@b28]\]. Collectively, these findings indicate that secretory products from EAT regulate myocardial function, and that HFD-induced alterations in the EAT secretory profile could contribute to the diet-induced alterations in *in vivo* cardiac function in HFD-fed guinea pigs.

In patients with T2D, alterations in cardiac structure and function which are found even in the absence of hypertension and CAD are ascribed to diabetic cardiomyopathy. Diabetic cardiomyopathy often co-exists with myocardial insulin resistance \[[@b29], [@b30]\]. Here, we show for the first time that exposure of cardiomyocytes to secretory products from EAT of HFD-fed animals abrogates insulin-mediated phosphorylation of Akt, a key regulator of myocardial glucose uptake \[[@b30], [@b31]\]. In contrast to the effects on contractile function, the detrimental effects on insulin action were only observed upon prolonged incubation of the cardiomyocytes with CM, indicating that this detrimental effect is caused by a different mechanism. Abrogation of insulin-mediated Akt phosphorylation in cardiomyocytes was also described when cells were exposed to CM from epididymal adipose tissue from diabetic rats as compared to control rats \[[@b32]\]. In this study, the inhibition of Akt phosphorylation was paralleled by a reduced ability of insulin to stimulate glucose uptake. In obese Zucker diabetic rats, a decrease in insulin-mediated Akt phosphorylation could be linked to a decrease in insulin-mediated myocardial glucose utilization *in vivo* as determined by positron emission tomography under hyperinsulinaemic euglycaemic clamp conditions \[[@b33]\]. Collectively, these findings provide strong evidence that secretory products of EAT from HFD-fed animals contribute to the induction of insulin resistance at the level of the Akt-pathway regulating myocardial glucose uptake.

In order to identify potential factors responsible for the detrimental effects caused by CM-EAT from HFD-fed animals, CM from the various experimental groups was further characterized. Glycerol and free fatty acids levels was similar in the CM of the experimental groups (data not shown). Also lactate content, before and after incubation with cardiomyocytes, did not differ between CM-EAT and CM-SAT, and was not affected by the dietary intervention (data are not shown). Therefore, it seems unlikely that an increased utilization of lactate as myocardial energy substrate, which negatively affects myocardial performance \[[@b34]\], contributes to the observed effects caused by CM-EAT from HFD-fed animals. In support of previous studies, which have ascribed cardiosuppressive effects to adipokines \[[@b17], [@b35]--[@b38]\], like FABP4, IL1β, IL6 and TNF-α, boiling was found to destroy the detrimental effect of CM on cardiomyocyte function. Therefore, the CM were evaluated for diet-induced alterations in adipokine secretion by EAT and SAT. With the use of antibody arrays, we found that the secretory profile of EAT differs from that of SAT, and that the secretory profiles in both depots were affected by HFD feeding. Although we could identify these differences, this approach has limitations. First, not all factors secreted by adipose tissue are present on the array, like FABP4. In addition, there are no specific arrays available for guinea pigs. Instead, we used human antibody arrays, and cannot exclude problems related to cross-reactivity between factors from guinea pigs and human beings. Similarly, some adipokines identified in the antibody array may not act on rat cardiomyocytes because of species differences. In this respect, we have attempted to examine the effects of CM on primary guinea pig cardiomyocytes. However, in our hands, the viability of the isolated cells was too low to allow the experiments described in this study.

Despite the limitations of our approach, in CM-EAT from HFD-fed animals, a selective increase in immunoreactivity for 12 factors, and loss of immunoreactivity for two factors was found. The most notable change in CM-EAT was observed for activin A. Immunoreactivity for activin A was 6.4-fold higher in CM from HFD-fed *versus* SD-fed animals and 2-fold higher in CM-EAT *versus* CM-SAT. Although the sequence for guinea pig activin A is still unknown, the activin A protein sequence is highly conserved (95.8% identical) among human beings, rats and mice. Furthermore, the alterations in activin A immunoreactivity were accompanied by biological activity of the CM, as illustrated by the induction of SMAD2-phosphorylation by CM-EAT from HFD-fed animals only. Although other factors present on the arrays like TGF-β~1~, TGF-β~2~, TGF-β~3~, HGF and IGFBP3, are also capable to regulate SMAD2-phosphorylation, immunoreactivity of these factors did not differ among the experimental groups. Multiple studies have linked activin A to cardiac dysfunction. Serum levels of activin A are elevated in patients with heart failure \[[@b39]\]. Furthermore, activin A increases the expression of genes involved in myocardial remodelling, like atrial natriuretic peptide, brain natriuretic peptide, matrix metalloproteinase-9, tissue inhibitor of metalloproteinase-1, TGF-β~1~ and monocyte chemoattractive protein-1 \[[@b39]\], and inhibits the organization of sarcomeric proteins induced by leukaemia inhibitory factor in neonatal rat cardiomyocytes \[[@b40]\]. In line with this, recombinant activin A exerts a cardiodepressant activity on rat adult cardiomyocytes (S.G., D.M.O. and J.E., submitted for publication). Finally, in neonatal cardiomyocytes activin A has been found to induce the expression of suppressor of cytokine signalling 3 (SOCS3) \[[@b40]\], a key repressor of insulin action \[[@b41]\]. Importantly, in the present study SOCS3 expression was elevated in hearts from HFD-fed guinea pigs (data not shown).

Beside activin A, also the immunoreactivity of other factors was selectively affected in CM-EAT from HFD-fed animals. Although alterations in serum levels have been reported in patients with cardiac dysfunction for some factors, like IL10 and CXCL5 \[[@b42]--[@b44]\], the role of most factors in relation to myocardial function and insulin sensitivity remains to be elucidated.

Another question that remains to be addressed is what underlies the diet-induced changes in the secretory profile from EAT. In the present study, CM were generated from adipose tissue explants. In addition to adipocytes, adipose tissue also contains other cell types, like pre-adipocytes, macrophages, fibroblasts, endothelial cells and lymphocytes, which can release a variety of chemo- and cytokines \[[@b45], [@b46]\]. Hypertrophy of adipose tissue in obesity and T2D is closely linked to low-grade inflammation \[[@b47]\]. This can be ascribed to accumulation of immune cells into the adipose tissue, and secretion of pro-inflammatory cytokines \[[@b45], [@b46]\]. We could not obtain histological evidence for immune cell infiltration in EAT from HFD-fed guinea pigs, because of the unavailability of antibodies cross-reacting with guinea pig macrophage markers. However, a study performed on human beings with CAD reports the infiltration of immune cells in EAT \[[@b11]\]. Furthermore, a recent study shows that activin A expression is elevated in adipose tissue from obese individuals, and dramatically increased by factors secreted by macrophages isolated from obese adipose tissue \[[@b48]\]. Based on these findings, it seems likely that the observed alterations in the secretory profile of EAT from HFD-fed guinea pigs can be ascribed to infiltration of immune cells.

In conclusion, the present study shows an interaction between factors secreted from EAT and the cardiomyocytes. Our data demonstrate that HFD feeding of guinea pigs induces specific alterations in the secretory profile of EAT that are responsible for the induction of contractile dysfunction and insulin resistance in primary adult rat cardiomyocytes.
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**Table S2** List of antibodies

**Table S3** Immunoreactivity in conditioned medium collected from epicardial and subcutaneous adipose tissue explants from guinea pigs

**Fig. S1** Effect of conditioned medium from epicardial andsubcutaneous adipose tissue on sarcomere shortening incardiomyocytes. Primary adult rat cardiomyocytes were incubatedwith control AM or CM (diluted 1:2) from EAT and SAT from SD- andHFD-fed guinea pigs for 30 min. before analysis of contractilefunction. (**A\--C**). Effect of exposure of cardiomyocytes to CMon departure velocity of contraction (**A**), peak sarcomereshortening (**B**) and return velocity of contraction(**C**). Open bars: AM; grey bars: CM from SD-fed animals; blackbars: CM from HFD-fed animals. Data are expressed as mean ±S.E.M. of at least eight independent experiments. Differencesbetween the experimental groups were calculated by one-way ANOVAand unpaired Student\'s *t*-tests. ^\#^*P* \<0.05 *versus* AM; \**P* \< 0.05, HFD *versus* SD;\**P* \< 0.05; EAT *versus* SAT.

**Fig. S2** Effect of conditioned medium from epicardial andsubcutaneous adipose tissue on cytosolic \[Ca^2+^\] incardiomyocytes. Primary adult rat cardiomyocytes were incubatedwith control AM or CM (diluted 1:2) from EAT and SAT from SD- andHFD-fed guinea pigs for 30 min. before analysis of cytosolic\[Ca^2+^\]. (**A\--C**) Effect of exposure ofcardiomyocytes to CM on \[Ca^2+^\] increase (**A**), peak\[Ca^2+^\] (**B**) and \[Ca^2+^\] decrease(**C**). Open bars: AM; grey bars: CM from SD-fed animals; blackbars: CM from HFD-fed animals. Data are expressed as mean ±S.E.M. of at least eight independent experiments. Differencesbetween the experimental groups were calculated by one-way ANOVAand unpaired Student\'s *t*-tests. ^\#^*P* \<0.05 *versus* AM; \**P* \< 0.05, HFD *versus* SD;\**P* \< 0.05; EAT *versus* SAT.

**Fig. S3** Contractile function in cardiomyocytes two hrsafter removal of CM. Primary adult rat cardiomyocytes wereincubated with control AM or CM from EAT and SAT from SD- andHFD-fed guinea pigs for 30 min. Then, the CM were replaced bycontrol AM. Following a 2 hr incubation, contractile function andcytosolic \[Ca^2+^\] was analysed. (**A\--C**)Reversibility effect of exposure of cardiomyocytes to CM ondeparture velocity of contraction (**A**), peak sarcomereshortening (**B**) and return velocity of contraction(**C**). (**D\--F**) Reversibility effect of exposure ofcardiomyocytes to CM on \[Ca^2+^\] increase (**D**), peak\[Ca^2+^\] (**E**) and \[Ca^2+^\] decrease(**F**). Black bars: AM; grey bars: cells exposed to CM diluted1:4; open bars, cells exposed to CM diluted 1:4. Data are mean± S.E.M. from at least eight independent experiments. Groupswere compared by one-way ANOVA and unpaired Student\'s*t*-test. ^\#^*P* \< 0.05 *versus* AM;\**P* \< 0.05; HFD *versus* SD.
